We present a single-frequency, single-mode, plane-polarized ytterbium-doped all-fiber masteroscillator -power amplifier source at 1060 nm generating 264 W of continuous-wave output power. The final-stage amplifier operated with a high gain of 19 dB and a high conversion efficiency of 68%. There was no evidence of roll-over due to stimulated Brillouin scattering even at the highest output power and the maximum output was limited only by available pump power. Cladding-pumped rare-earth-doped fiber laser and amplifiers have many attractions, including excellent power-scalability with relatively easy management. The exceptional conversion efficiency (>80%) of ytterbium (Yb 3+ )-doped fibers (YDF) has allowed them to be power-scaled to the kW-level with good or even diffraction-limited beam quality [1][2][3]. Furthermore several options have been investigated for polarization-maintaining (PM) fibers for single-polarization operation, resulting in powers of up to ~300 W with good polarization-extinction ratio (PER) [4][5]. Technological improvements in fabrication and design of fibers as well as of diode pump sources have enabled this spectacular progress. Applications of high power fiber laser sources include marking, printing, material processing including welding and cutting, especially for the heavy industry. Other applications such as coherent combination [6] and gravitational wave detection [7] in addition require single-frequency sources with narrow linewidths. However, stimulated Brillouin scattering (SBS) has limited the power from a single-frequency fiber source to ~100 W [8]. In Ref.
Here we present a single-frequency, single-mode, plane-polarized YDF MOPA source with 264 W of continuous-wave output power, limited only by available pump power. In extension to our previous report on [10] , we discuss further details of the experimental result and the prospect of scaling the output to higher powers. For this, an effective SBS threshold in the presence of thermally induced SBS gain broadening is analyzed.
The MOPA used in our experiment is depicted in Fig. 1 . A 1060 nm, 80 mW, planepolarized YDF DFB laser (master oscillator) from Southampton Photonics, Inc. (SPI) was followed by four YDF amplifiers. The DFB laser and the final amplifier are the key components, while three standard non-PM fiber pig-tailed amplifiers (SPI) with built-in isolators were used in intermediate stages. The DFB laser linewidth was below the 60 kHz resolution-limit.
The final-stage amplifier comprised a 6.5-m long double-clad birefringent YDF fabricated by SPI. The fiber had a 25 µm diameter core with an NA below 0.06. The inner cladding was Dshaped and had a 380 µm diameter. A low-index polymer coating provided a nominal innercladding NA of 0.48. The fiber incorporated a pair of borosilicate stress rods which, in this design, leads to a core birefringence of ~2×10 -4 . Up to 390 W of pump power was launched into the signal output end of the fiber from a 975 nm diode pump source. The small signal absorption coefficient was ~2 dB/m at 975 nm and the corresponding Yb 3+ -concentration is estimated to be ~6500 ppm by weight. Both fiber ends were angle-cleaved with an angle of ~8° to eliminate the signal feedback. With proper adjustment of the polarization from the non-PM amplifier chain, ~3 W of signal input power could be launched into the final-stage amplifier through a polarizing free-space isolator. A half-wave plate aligned the polarization to a birefringence-axis of the finalstage fiber. A dichroic mirror separated the signal output and pump beam paths.
The characteristics of the MOPA output power and back-scattered power on the final-stage pump power are shown in Fig. 2 . Other components operated at their maximum power, stated in Fig. 1 . The maximum output power of 264 W was limited by available pump power, and there was no sign of any roll-over. We monitored the backscattered power, and did not observe any SBS-induced nonlinear increase even at the highest output. This is shown in the inset of Fig. 2 . The backscattered power was due mainly to the Fresnel reflection of the signal at the output end of the fiber because the reflected light is guided in the inner cladding rather than the core. The power conversion efficiency was 68% at the maximum power and the slope efficiency was 72% with respect to launched pump power. The linewidth of the output was still below the 60 kHz resolution limit. There was no evidence of any linewidth broadening at the highest output power, as shown in Fig. 3 . The PER was 16 dB, and the beam quality factor (M 2 ) was better than 1.1 without any special mode filtering arrangement.
With textbook values for the Brillouin gain coefficient of 5×10 -11 m/W, which is though for bulk fused silica [11] , we estimate the Brillouin gain could be ~160 dB at full output power. This should lead to substantial SBS, which, however, was not observed. We conclude that our initial simple estimate could exaggerate the Brillouin gain and that the final-stage amplifier operated below the SBS threshold. There are several possible explanations for this. The Brillouin gain for fibers can be different from that of bulk silica because of the guided nature of optical modes and compositional variations of the core material [12] . In addition, variations in strain or temperature along a fiber can broaden the Brillouin gain, and thereby reduce its peak value considerably [11] [12] [13] [14] [15] [16] . In our case, we suspect that the temperature gradient along the fiber is a main factor [17] . While both ends of the fiber were mounted in ~20 cm long temperature-controlled holders, the dominant middle part of the fiber was only cooled by unforced convection. In this part the impact of the pumping process on producing temperature gradient can be substantial, as the pump power increases. A fraction of absorbed pump power that varies along the fiber is inevitably converted into heat. Thus, this temperature gradient can lead to a significant reduction of SBS gain via a gain-broadening process [13] [14] [15] [16] .
To analyze this effect, we calculated the temperature distribution of our fiber and the corresponding Brillouin-gain broadening following the procedures introduced in refs. [15, 17] , assuming that the pump power is absorbed exponentially along the fiber based on a single-end pumping configuration. The temperature coefficient for the Brillouin frequency shift used is 1.6 MHz/K. (Though this parameter depends on the details of the fibers, the used value is typical [13] [14] [15] .) A relatively small variation in the Brillouin gain bandwidth with temperature [13] [14] [15] and the effect from the heatsinking of the fiber ends were not taken into account. According to our estimate, the temperature difference between the two ends of the convectively cooled part of the fiber is ~100°C, and the resultant effective Brillouin gain coefficient, defined in ref. [15] , becomes ~2.4×10 -11 m/W at the maximum output power of 264 W at 390 W of pump power. Because of gain broadening, the effective gain coefficient is reduced to approximately a half of the nominal value of pure silica. Using the same parameters for (intrinsic) SBS gain and temperature-induced frequency shift, we have also verified SBS-free operation of the final-stage amplifier via performing a numerical simulation of it (in which we ignored the influence of the temperature on the Yb 3+ -spectroscopy): The power back-scattered by SBS is negligible, implying that the amplifier operates below the SBS threshold.
It follows from the analysis that the SBS threshold is not fixed in the case of a rare-earthdoped fiber under strong pumping because the pump-induced heat generation leads to a considerable Brillouin-gain broadening. This can make the SBS threshold much higher than expected. Given that more pump power were available, our further calculation shows that our fiber could be power-scaled up to ~400 W without SBS at which the estimated temperature difference across the fiber would be ~160°C, which is also a realistic value. However, it must be stressed that our knowledge of the SBS parameters and other experimental parameters are insufficient for an accurate prediction of the SBS threshold. Furthermore, compositional variation of the core material, built-in strain variation across the fiber, etc., would also affect the SBS gain.
In summary, we have demonstrated a 1060 nm single-frequency fiber MOPA source with 264 W of output power without generating significant SBS. The PER was 16 dB and the M 2 -value was below 1.1. We analyzed the result theoretically and found that temperature effects can significantly broaden, and thus reduce, the Brillouin gain. Calculations involving temperatureinduced SBS gain broadening showed that our MOPA source can be power-scaled beyond 400 W without the occurrence of significant SBS when the fiber is cooled by unforced convection. However, there are large uncertainties in this number because the practical SBS gain in a fiber is dependent on various parameters of uncertain values. A larger variation of the temperature along the fiber, easily created by improving or inhibiting the heat-sinking of different parts of the fiber, should help to further reduce the Brillouin gain; however, this approach is limited by maximum allowable temperatures of the fiber, and in particular its coating.
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